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The transverse spin effects may be helpful to  distinguish between scalar 
(J PC =  0++) or pseudoscalar (J PC =  0- + ) nature of the spin zero (Higgs) 
particle once discovered in future accelerator experiments. The correlations 
can manifest themselves e.g. in the distribution of acollinearity angle of X ± 
in the decay chain H /A  —j t + t - ; t 1*1 —¥ pX ±. This delicate measurement 
will require, however, reconstruction of the Higgs boson rest-frame. Then, 
questions of the combined detection-theoretical effects may be critical to 
establish the reliability of the method. An appropriate Monte Carlo pro­
gram is essential. To make such studies possible we have extended the 
standard universal interface of the TAUOLA r-lepton decay library to  in­
clude the complete spin effects for r  leptons originating from the spin zero 
particle. The interface is expected to  work with any Monte Carlo generator 
providing Higgs boson production and subsequent decay into a pair of r  
leptons. Examples of numerical results and cross checks of the program will 
be also given. In particular, we find th a t effects of beamstrahlung may be 
critical to  the quality of the measurement of the Higgs boson, unless some 
improvements of the method can be found.
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O ne of th e  m ain goals for fu tu re  high energy experim ents is to  m easure 
p roperties of th e  S tan d ard  M odel (SM) Higgs sector. P ro to n -(A n ti)P ro to n  
Colliders, such as TEV A TRO N  [1] or LHC [2,3] are expected to  discover the  
Higgs boson, if th e  (SM) or one of its  MSSM extensions is true . O therw ise 
th e  spec trum  of possibilities is p ractica lly  un lim ited  and discovery cannot 
be  guaran teed . T he com prehensive precise m easurem ents of all Higgs boson 
p roperties are expected  to  be  left for fu tu re  experim ents on high energy e+ e-  
linear colliders such as JL C  [4], NLC [5], or T ESLA  [6 ].
O ne of th e  im p o rtan t m easurem ent, ju s t after estab lish ing  th a t  th e  newly 
discovered partic le  has indeed spin zero, is to  check if it  is a scalar or pseu­
doscalar. D epending on th e  m ass of th e  (to  be) discovered Higgs boson, 
and  if it is of S tan d ard  M odel or one of its  num erous extensions, different 
observables can give access to  th is  inform ation. A lready a long tim e ago, 
see e.g. [7], it was argued th a t  exploring transverse spin correlations in the  
Higgs boson decay I I /A  —> vTX ± can in som e cases provide a
model independent te s t. T h e  m ethod  relies on th e  properties of th e  Higgs 
boson Yukawa coupling to  th e  r  lepton, which in th e  general case can be 
w ritten  as f ( a T +  ibTj 3)T (for a discussion of th e  Higgs boson m odels, see 
e.g. [8 ] page 123). T he m ethod , a t least in principle, does n o t depend on 
th e  Higgs boson p roduction  m echanism  a t all.
T here  are m any reasons why th is  process m ay tu rn  out no t to  be in­
teresting . T h e  cross section m ay be too  sm all for th e  lum inosity  of the  
fu tu re  collider, th e  m ass of th e  Higgs boson m ay be heavy and  o ther Higgs 
boson decay channels b e tte r  su ited  for th e  p a rity  m easurem ent. Finally, 
th e  p arity  of th e  Higgs boson m ay be  m easurab le from  th e  properties of 
its  p roduction . However, it is generally accepted th a t  th e  I I /A  r + r -  
offers a very in teresting  signature. Its  feasibility needs to  be  stud ied  espe­
cially in th e  contex t of decisions to  be  taken  on properties of th e  fu tu re  LC 
d etec to rs which m ay be taken  soon. T h e  proposed m easurem ent [7] is exper­
imentally involved. I t requires reconstruction  of th e  acollinearitv  angle (S*) 
betw een r + r -  decay p ro d u c ts  in the H /A  rest-frame. N ote th a t  in case of 
I l f  A —r r + r -  th e  four m om entum  of th e  Higgs boson is no t d irectly  m ea­
surable as we have th e  unobservable vT am ong its  decay p roducts; it needs 
to  be  reconstructed  from  th e  constra in ts  of energy m om entum  conservation 
for th e  whole event. T he d istrib u tio n  in angle (S*) is sensitive to  th e  tran s­
verse T+ r -  spin correlations, which are different for th e  scalar, pseudoscalar 
or th e  m ixed s ta te  (we will take in to  considerations only th e  ex trem e cases 
corresponding to  choosing e ither bT or aT equal zero). Precise enough re­
construc tion  of th e  H /A  rest-frame is im p o rtan t. M any effects, theoretical 
(e.g. Q ED  b rem sstrah lung), or experim ental (uncerta in ty  on beam  energies, 
n o t sufficient herm etic itv  of th e  detecto r, an g u lar/en erg y  resolution  for all 
partic les and  je ts  etc.) m ay invalidate th e  m ethod . In th e  following, we will
concen tra te  on th e  feasibility  of th e  m ethod , tak ing  into account p roperties 
of th e  H / A - r  t + t — decay, and  sim ple assum ptions on b rem sstrah lung  and 
b eam strah lu n g  in reconstructing  Higgs boson rest-fram e, leaving ou t from  
th e  considerations all o ther lim ita tions and  constra in ts, be it theore tical or 
experim ental.
It is generally expected  th a t  th e  M onte C arlo m ethod  is th e  only way to  
e s tim ate  w hether th e  m easurem ent can be realized in practice, and  which 
featu res of th e  fu tu re  detection  setup  m ay tu rn  ou t to  be crucial. O ur 
pap er is organized as follows. F irst, an algorithm  for generating  decays of 
t 2*2 lep tons produced in 11/A —> t + t -  including full spin correlations for 
th e  Higgs boson p roduction  m echanism  is explained, and som e num erical 
exam ples tes tin g  th e  correctness of th e  program  are given. L ater, results 
tak ing  in to  account inaccuracies in reconstructing  th e  Higgs boson rest-fram e 
are shown and conclusions are given.
Since th e  Higgs boson spin is zero, th e  spin correlations of its  decay p rod ­
ucts  do not  depend  a t all on th e  m echanism  of th e  Higgs boson production . 
Technical difficulties, re la ted  to  th e  choice of r + and r -  spin quan tiza tion  
fram es, p resent in th e  case of e+ e-  —> Z / j  —> r + r -  [9,10] (brem sstrah lung  
effects included or no t), are n o t present. T he analy tical form  of th e  density  
m a trix  is sim ple. To calcu late th e  density  m a trix  for th e  pair of r  leptons it 
is thus enough to: know th e ir four m om enta, know th a t  th ey  indeed origi­
n a te  from  th e  Higgs boson and, assum e th e  ty p e  of th e  Yukawa in teraction . 
Such inform ation is sto red  in th e  event d a ta  s tru c tu re  called HEPEVT com ­
m on block [11] used by p ractically  all M onte C arlo generators for Higgs 
boson production .
In Refs. [12,13], th e  algorithm  was developed w here all r  leptons found 
in th e  HEPEVT com m on block can be decayed w ith  th e  help of th e  TAUOLA 
lib rary  [14-16] and  th e  r  decay p ro d u c ts  are appended  to  th e  HEPEVT as 
well. T h e  k inem atical in form ation on th e  m om enta of all partic les form ing 
an event was used to  calculate, in som e approxim ation , th e  longitud inal 
spin s ta te  of th e  r .  For our purpose th a t  solution had  to  be ex tended , to  
inco rporate  th e  full density  m atrix  of th e  r + r -  pair, in th e  case when it is 
o rig inating from  th e  Higgs boson decay. T h e  following changes had  to  be 
in troduced  to  th e  algorithm  explained in Ref. [12]:
1. T he quan tiza tion  fram es for th e  spin s ta te s  of r + and  r -  need to  be 
properly  oriented w ith  respect to  each o ther. In our solution th ey  are 
sim ply connected by th e  boost along r  lepton m om enta as defined in 
th e  Higgs boson rest-fram e. At th e  technical level th is  is enforced by 
th e  TRALOR rou tine  [14] defining th e  re la tion  of th e  t 2*2 spin quan tiza­
tion  fram es and  th e  lab o ra to ry  fram e. As an  in term ed iate  step  th is 
rou tine  uses th e  Higgs boson rest-fram e.
2. T he density  m atrix  was taken  from  Ref. [7] and ad ap ted  to  th e  q u an ti­
zation  fram es as specified in previous po in t. O nly two cases of purely  
scalar or pseudoscalar Higgs boson were im plem ented. Any fu rth e r 
extension is, however, straightforw ard .
3. G eneration  of r + and t ~ decays is th en  perform ed following th e  m ethod  
explained in Ref. [14] and  used in KORALB [10] for a long tim e.
4. We have assum ed th a t  p roduction  generator provides tw o-bodv Higgs 
boson decays to  r  leptons only, in p articu la r, th a t  it does no t provide 
any b rem sstrah lung  corrections. Instead , PHOTOS [17,18] can be used 
for th a t  purpose, once generation of H  decays is com pleted.
5. M ore com plete inclusion of b rem sstrah lung  corrections would require 
a su b stan tia l re-w rite and  extension of th e  program  to  th e  solution as 
in Ref. [19] or a sim ilar one.
Once we have explained th e  m ain  principles of our calculation, let us tu rn  
to  th e  discussion of num erical resu lts. As an exam ple we will take a Higgs 
boson of 120 GeV. In th e  first two plots, which will be construc ted  for the  
quan tities  defined in th e  Higgs boson rest-fram e we are to ta lly  independent of 
th e  p roduction  m echanism . We will stu d y  th e  predictions for th e  scalar and 
pseudoscalar cases, essentially  to  provide th e  te s t of our generator. Thick 
lines will denote predictions for th e  scalar Higgs boson and th in  lines for the  
pseudoscalar one. As in Ref. [7], we take th e  H  decay m ode only.
Fig. 1 presents th e  d is trib u tio n  in th e  angle <f>* =  a rcco s(n + • n~),  w here
w w T —
n + =  p + x p _ , , i.e. th e  non-observable acop lanaritv  angle. T h e  d istribu-
\p w X p  T I
2
tion  is indeed, as it should be [7], p roportional to  ~  1 + ^  cos </>*, respectively, 
for scalar and  pseudoscalar Higgs. In Fig. 2 we p lo t th e  d is trib u tio n  of the  
7T+7T“ acollinearitv  angle (6*). T he difference betw een th e  case of a scalar 
and  a pseudoscalar Higgs is clearly visible, especially for acollinearities close 
to  7T (see Fig. 3).
Let us now tu rn  to  th e  d istrib u tio n s defined for th e  sem i-realistic case. 
We need thus to  take  into consideration th e  com bined process of decay and 
p roduction  of th e  Higgs boson. As an  exam ple1, for th e  p roduction  m echa­
nism  we took  th e  process e+ e“  —» Z II: Z  —» p +p^(qq); H  —» r + r “  (only the  
scalar H  can be produced  in th is  process in (SM )), a t Center-of-M ass system  
energy of 350 GeV sim ulated  w ith  PYTHIA 6 .1  M onte C arlo program  [20], 
effects due to  in itia l s ta te  b rem sstrah lung  were taken  into account. As in
1 We have checked th a t in case of other production processes and center-of-mass system 
energies, the results, presented later in the  paper, rem ain similar or are slightly less 
sensitive to  the transverse spin ( i.e . Higgs boson parity) effects.
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Fig. 1. The 7r+ 7r-  acoplanarity distribution (angle <jf) in the Higgs boson rest­
frame. The thick line denotes the case of the scalar Higgs boson and thin line the 
pseudoscalar one.
bin
(a rb itra ry  units)
Fig. 2. The 7r+ 7r_ acollinearity distribution (angle 5*) in the Higgs boson rest­
frame. Full angular range 0 < 8* < n is shown. The thick line denotes the case of 
the scalar Higgs boson and thin line the pseudoscalar one.
5*
Fig. 3. The 7T+7T-  acollinearity distribution (angle ô*) in the Higgs boson rest­
frame. Parts of the distribution close to  the end of the spectrum; 6* ~  n are 
shown. The thick line denotes the case of the scalar Higgs boson and the thin line 
the pseudoscalar one.
th is  case p roduction  of th e  pseudoscalar Higgs boson is excluded, to  quan­
tify  th e  size of th e  spin effect we will com pare th e  pred ic tions when all spin 
effects are included (thick lines on th e  following p lo ts), w ith  th e  case when 
only longitud inal spin correlations are included (th in  lines). T he difference 
betw een th e  two lines visualizes th e  size of th e  transverse  spin effects.
If we could com pare pred ictions for scalar and  pseudoscalar, th e  differ­
ence would be  roughly a factor of two larger2 . T hen  however, we could no t 
lim it our discussion to  th e  properties of th e  Higgs boson decay. M any pos­
sibilities due to  generally  d istinc t, and  m odel dependen t, p roduction  m ech­
anism s for th e  scalar and  pseudoscalar Higgs boson would m ake th e  p ic tu re  
m ore involved and  n o t su itab le  for our discussion.
As we can see in Fig. 4, th e  7r+ 7r-  acollinearity  angle (S) d istrib u tio n  in 
th e  lab o ra to ry  fram e looks qu ite  different th a n  in th e  Higgs boson rest-fram e, 
th e  two cases of different spin trea tm en ts  are indistinguishable, d is trib u tio n  
is no t peaked a t ô ~  7r a t all.
If in form ation on th e  beam  energies and energies of all o ther observed 
partic les (high p+ in itia l s ta te  b rem sstrah lung  photons, decay p ro d u c ts  of Z  
etc.) are taken  in to  considerations th e  Higgs rest-fram e can be reconstructed . 
We m ay define th e  “reconstructed” Higgs boson m om entum  as th e  difference 
of sum  of beam  energies and m om enta of all visible partic les, th a t  is, for 
exam ple, decay p ro d u c ts  of th e  Z  and  all rad ia tive  pho tons of |c o s0 | <
2 By numerical accident, the case when only longitudinal spin correlations are included 
is equivalent to  the  case of non-coherent sum of scalar and pseudoscalar Higgs boson 
contributions of the  equal proportions. This holds, of course, if the  same production 
mechanism could be applied for the  two cases.
8
Fig. 4. The 7T+7T-  acollinearity distribution (angle 8) in the laboratory frame. 
Full angular range 0 < 8 < n is shown. The thick line denotes the case when 
all spin effects are included in the decay of the scalar Higgs boson, while only 
longitudinal spin correlations are included for thin line. The two lines are nearly 
indistinguishable.
0.98. In our s tu d y  we will m im ic in a very crude way beam strah lu n g  effects 
only, assum ing a flat spread  over th e  range of ±  5 GeV for th e  longitudinal 
com ponent of th e  Higgs boson m om entum  w ith  respect to  th e  generated  
one3. T his assum ption  m eans, th a t  th e  detection  effect which is p ractically  
independen t of th e  Higgs boson p roduction  m echanism  is only included. As 
we can see (Figs. 5 and  6 ) in th e  d is trib u tio n  of th e  acollinearity  angle (8*) 
defined in reconstructed  Higgs boson rest-fram e, th e  effects due to  transverse 
spin effects are only barely  visible.
We should stress th a t , in th is  very sim ple exam ple, we have n o t dis­
cussed a t all o ther effects po ten tia lly  degrading th e  m ethod , such as lim ited 
sta tis tics , backgrounds, uncertain ties in reconstruction  of th e  energies and 
directions for th e  partic les and  je ts , which m ay lead to  system atic  errors 
com parable in size to  th e  p arity  effect, rem aining after beam strah lu n g  ef­
fect is taken  in to  account. Alone, th is  am biguity  in reconstruction  of the  
Higgs boson four-m om entum  degraded th e  m ethod  of m easuring th e  Higgs 
boson p arity  using th e  decay chain h —» Y r - , Y  —» Y u  in a decisive way.
3 The typical spread for the  beam  energy in linear collider is of the  order of few percent 
[4] or even worse.
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Fig. 5. The 7T+7T-  acollinearity distribution (angle 6*) in the scalar Higgs boson 
reconstructed rest-frame. Full angular range 0 < 6* < n is shown. The thick line 
denotes the case when all spin effects are included, while only longitudinal spin 
correlations are taken for thin line.
S'
Fig. 6 . The 7T+7T-  acollinearity distribution (angle S') in the scalar Higgs boson 
reconstructed rest-frame. Parts of the distribution close to  the end of the spectrum; 
S' ~  7T are shown. The thick line denotes the case when all spin effects are included, 
while only longitudinal spin correlations are taken for thin line.
We have stud ied  several m echanism s of th e  Higgs boson p roductions, in all 
cases depletion of th e  acollinearity  d is trib u tio n  sensitiv ity  to  th e  transverse 
spin effect was qu ite  sim ilar. We can conclude th a t  our resu lts are thus 
independen t from  th e  p roduction  m echanism .
R ecently  som e work was s ta rted  on detec to r effects, see [21] for details. 
We can nonetheless conclude th a t, due to  th e  b eam sstrah lung  effect, there  
is little  hope, for th e  elegant m ethod  of reference [7] to  check Higgs boson 
p arity  using its  decay to  r  leptons (w hatever th e  lum inosity  of fu tu re  L inear 
Collider), unless, m ay be, o ther, u n fo rtu n a te ly  less sensitive to  spin th an  
r ± -4  7Y v  decay m odes are used as well. We m ay hope, also th a t  m ethods 
sim ilar to  th e  fru itfu l ones for m easurem ent of r  po larization  a t L E P 1, or 
for th e  s tu d y  of C P  p arity  and  known for a long tim e, see e.g. [22,23], m ay 
becom e available for our case as well. Definitely, realistic studies, com bining 
accelerator, de tec to r and theore tical effects are needed to  se ttle  th e  m atte r.
T he inspiring atm osphere a t th e  EC FA -D ESY  w orkshop in Cracow, C P P  
Tokyo and  2002 Chicago L inear Collider W orkshop was essential to  th e  per­
form ance of th is  work. A uthors are specially gratefu l to  M. R onan and 
M. Peskin for discussions. Useful discussion w ith  G. Bower is also acknowl­
edged.
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